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achieve a full penetration up to 12 mm in a single pass without using a bevel preparation or filler wire in 
comparison with conventional TIG welding (Multi-pass TIG) process [10-12]. This has been attributed to the 
constriction of the arc as well as reversal of marangoni flow in the molten weld pool [10]. In the present 
investigation, localized creep deformation and cavitation behavior of 316L(N) austenitic stainless steel weld 
joints fabricated both by single-pass activated TIG (A-TIG) and multi-pass TIG (MP-TIG) welding process 
have been reported.  
2. Experimental details  
Austenitic stainless steel type 316L(N) plates of 6 mm thickness were butt welded by single-pass activated 
TIG welding process after applying a thin coating of multi-component flux in the form of paste on surfaces of 
the joint before welding. Conventional TIG welding process was used to join the plates of 6 mm thickness 
using 1.6 mm diameter matching filler wire. Both the A-TIG and MP-TIG weld pads were X-ray radiographed 
to ensure its soundness. Creep specimens with dimensions of 50 mm gauge length, 9 mm width, 4.5 mm 
thickness were fabricated from the cross weld joints. Constant load creep tests in air were carried out on the 
weld joints at 923 K and 180 MPa stress with interruption of 0.2, 0.5, 0.8, 1.0 time to rupture (tr). Temperature 
was controlled to within ± 2 K along the gauge length of the specimen during the creep test. Square grid 
markings were inscribed on both the weld joint specimens. Creep tests were carried out on these specimens to 
monitor the variation of creep deformation across the joint during creep exposure by measuring the dimension 
changes of the square grids. Vicker’s microhardness test, optical microscopy studies were carried out on the 
joints.  
3. Results and discussion 
3.1.  Variations of microstructure and hardness across the weld joints  
Austenitic stainless steel type 316L(N) base metal had an equiaxed grain structure with grain size of around 
75 ȝm. In both the joints, weld metals consisted of columnar and equiaxed grain structures with δ-ferrite 
(Fig.1). Distribution of both the columnar and equiaxed grains in the weld metal and orientation of the 
columnar grain along with δ-ferrite with respect to welding direction were found to be appreciably different 
with welding techniques adopted. Adjacent to the base metal, the columnar grains and δ-ferrite were oriented 
nearly transverse to the welding direction in the A-TIG weld joint, whereas in the case of MP-TIG weld joint 
columnar grains and δ-ferrite oriented more or less towards short transverse (across the plate thickness) to the 
welding direction (Figs.1 and 2). These preferential alignments were due to the maximum thermal gradient 
during solidification across the transverse and short transverse to the welding direction in the A-TIG and MP-
TIG weld joint respectively. Coarser columnar and equiaxed grain microstructures were observed in the A-TIG 
joint than in the conventional MP-TIG joint (Fig.1), because of higher heat input during welding in the A-TIG 
joint than that MP-TIG joint. Equiaxed grain size in the weld metal of A-TIG and MP-TIG weld joints were 
about 230 μm and 125 μm respectively. Similarly, columnar grain sizes of both the weld joints were 
comparable. In the A-TIG weld joint, equiaxed zone of width ∼850 ȝm was found to grow parallel to the 
welding direction at the central location of the weld metal and it was sandwiched between columnar grains. 
Discontinuous formations of columnar and equiaxed structure were observed across the weld metal in the MP-
TIG joint (Fig.1).  
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displayed higher hardness variations across it in comparison with the A-TIG weld joint due to the presence of 
more inhomogeneous structure across the weld metal in the MP-TIG joint (Fig.1).  
3.2.  Creep deformation and creep cavitation damage of the joints 
Higher creep rupture strength has been observed in the A-TIG weld joint than the MP-TIG weld joint 
(Fig.4). The difference in rupture strength between the base metal and weld joint was found to increase with 
creep exposure in the case of MP-TIG joint. Failure in both the weld joints occurred in the weld metal. 
Variations in the accumulation of creep strain across the different constituents of the weld joints with creep 
exposure were assessed by conducting interrupted creep tests on the joint specimens with grid marking (Fig.3 
(b)) inscribed on them prior to creep testing and measuring the change in dimensions of the grids on preplanned 
interruptions using optical microscope. Figure 5 illustrates the longitudinal and transverse creep strain 
accumulations across the A-TIG and MP-TIG weld joint creep tested at 923 K and 190 MPa. In both the weld 
joints, creep deformation was found to concentrate progressively in the weld metal and the equiaxed zone of 
the weld metal was found to deform at higher rate than the columnar zone (Fig.5). This might be due to the 
different dislocation sub-structures of the two micro-constituents of the weld metal. This is also reflected in the 
hardness profile across the weld joints (Fig.3). Presence of more open bcc δ-ferrite increased the creep rate of 
weld metal than the base metal in both the weld joint and higher content of δ-ferrite in the MP-TIG joint than 
the A-TIG joint had increased the creep rate of weld metal in MP-TIG joint than that in the A-TIG joint. The δ- 
γ interface could have also acted as effective diffusion path to increase creep deformation rate of weld metal 
than the base metal; finer structures of MP-TIG weld metal than A-TIG weld metal might have also contributed 
higher creep deformation in the weld metal of MP-TIG joint. The localized preferential deformation in weld 
metal has a significant role in the premature failure of the joints under creep condition. 
 
Fig.4. Variations of rupture life with applied stress at 923 K for base metal and weld joints.   
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Fig.5. Comparison of the accumulation of longitudinal and transverse creep strain across the  
A-TIG and MP-TIG joint on creep exposure at 190 MPa and 923 K. 
   
Fig.6. Creep cavity initiation in the weld joint of  
(a) A-TIG and (b) MP-TIG, creep tested at 923 K and 180 MPa.  
 
Fig.7. Creep cavity associated with σ-phase in the weld joint of  
MP-TIG, creep tested at 923 K and 180 MPa.  
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Detailed metallographic investigation on the interrupted creep specimens carried out at 923 K and 180 MPa 
revealed that in the 1.0 tr specimen fracture took place at the interface between the columnar and equiaxed grain 
of the weld metal in the A-TIG and MP-TIG weld joint (Fig.6). Higher creep cavitation occurred in the weld 
metal of MP-TIG joint than in the A-TIG joint (Fig.6). Interrupted creep test revealed that the creep cavitation 
behaviour was not appreciable in the creep specimen up to 0.8 tr. Weld joint specimens interrupted at 0.2, 0.5 
time to rupture were not shown any indication of creep cavitation behaviour. Area fraction of creep cavitation 
was about 2.30 % and 0.15 % in MP-TIG and A-TIG joints respectively, creep ruptured (1.0 tr)at 180 MPa and 
923 K. Nucleation of creep cavity was found to be associated with brittle σ-phase (Fig.7). Greater alignment of 
the columnar grains and δ-ferrite along the applied stress direction in the case of A-TIG joint than in the MP-
TIG joint might be also the reason for lower creep cavitation in the A-TIG joint. Adopting A-TIG joining 
process is expected to minimize the failure in welded 316L(N) components under creep conditions.  
4. Conclusions 
• Joining of 316L(N) austenitic stainless steel adopting single-pass Activated TIG (A-TIG) welding process 
increased the creep rupture life of the steel weld joint.  
• Progressive localization of creep deformation and cavitation in the weld metal led to the premature failure of 
the joints in the weld metal. Accumulation of creep deformation at higher rate was observed in the weld 
metal of the MP-TIG joint than that in A-TIG joint had been attributed to the higher amount of δ-ferrite and 
finer microstructural features. 
• Alignment of columnar grains with δ-ferrite along applied stress direction and less strength disparity 
between columnar and equiaxed structure of weld metal in A-TIG joint than in MP-TIG joint had been 
attributed to initiate less creep cavitation. 
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